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ABSTRACT

Interstellar ethylene glycoHOCH, CH, OH ) has been detected in emission toward the Galactic center source
Sagittarius B2(N-LMH) by means of several millimeter-wave rotational torsional transitions of its lowest energy
conformer. The types and kinds of molecules found to date in interstellar clouds suggest a chemistry that favors
aldehydes and their corresponding reduced alcohols—e.g., formaldeHy@® ( )/metGielh QIH ), acetal-
dehyde CH,CHO )/ethanol CH, CH, OH ). Similarly, ethylene glycol is the reduced alcohol of glycolaldehyde
(CH,OHCHO), which has also been detected toward Sgr B2(N-LMH). While there is no consensus as to how
any such large complex molecules are formed in the interstellar clouds, atomic hydrogen (H) and carbon monoxide
(CO) could form formaldehyde on grain surfaces, but such surface chemistry beyond that point is uncertain.
However, laboratory experiments have shown that the gas-phase reaction of atomic hydrogen (H) and solid-phase
CO at 10-20 K can produce formaldehyde and methanol and that alcohols and other complex molecules can be
synthesized from cometary ice analogs when subject to ionizing radiation at 15 K. Thus, the presence of aldehyde/
reduced alcohol pairs in interstellar clouds implies that such molecules are a product of a low-temperature chemistry
on grain surfaces or in grain ice mantles. This work suggests that aldehydes and their corresponding reduced
alcohols provide unique observational constraints on the formation of complex interstellar molecules.

Subject headings: ISM: abundances — ISM: clouds — ISM: individual (Sagittarius B2(N-LMH)) —
ISM: molecules —radio lines: ISM

1. INTRODUCTION Christen et al. 2001). Two of the conformers can establish
internal hydrogen bonds that have a locking effect on the CC
Ethylene glycol HOCH, CH, OH), an alcohol commonly .bond, thus lowering their energy relative to the other conform-

used as antifreeze in automobile coolant systems, is a key organi rs. The conformer of lowest energy is designatedgi@a
species associated with prebiotic sugar synthesis. Ethylene glyco%Orrn whose structure is represented as both a “sawhorse” and

is the sugar alcohol of glycolaldehydéH, OHCHO ), the sim- a Newman SN

. projection in Figure 1. ThggGa  structure of eth-
plest possible aldehyde sugar (Marstokk & Mgllendal 1973), oo giveol gives rise to a microwave spectrum due to torsion
which has been detected by Hollis, Lovas, & Jewell (2000) ¢¢)vh hydroxyl groups. The strongest transitions atgpe
toward Sagittarius .BZ(N'LMH)' On the parent bodies Of. €ar and involve rovibration energy level changes. Such transitions
bonaceous meteorites, the formose reaction is a potential Pregecur for changes from a rotational level in the= 1 state to
biotic pathway to gradually synthesize hydroxylated compounds » " q¢arional level in the = 0 state o vice versa, i.e., across
and sugars of increasing carbon number (Cooper et al. 2001),. " \nneling splitting 0f-7 GHz. The spectrum for ethylene
In .'[hIS reaction, formaldehyde reacts with itself in aqueous so- glycol was first successfully assigned in the laborafory by
lution, and glycolaldehyde is the primary condensation product Christen et al. (1995); that work and subsequent unpublished

that (\:lflmlkbe rleéj%:edTEy hydrogena}ign to eftrl)rl]l_ene glycql (el':g"improvements to it provide the basis for our astronomical iden-
see vvalker ). There are variations of this scenario. Oification of severab-type lines of ethylene glycol.

example, a photochemical formose reaction can produce ethylene
glycol and other alcohols as major products (e.g., see Irie 1989).
Most recently, Charnley (2001) has suggested the likelihood that 2. OBSERVATIONS AND RESULTS

both ethylene glycol and glycolaldehyde would result from mo-  The observations were made in 2000 May 25-31 with the
lecular synthesis on interstellar grain surfaces. Moreover, eth-NRAO? 12 m telescope. Table 1 lists the five strongestpe
ylene glycol has been identified in both the Murchison and Mur- transitions of the lowest energy conformer of ethylene glycol
ray meteorites as the most abundant of the sugar-related alcoholyat we fortuitously found while searching for glycolaldehyde
found in such objects (Cooper et al. 2001). . (Hollis et al. 2000). These ethylene glycol transition frequencies
Ethylene glycol is a triple rotor molecule. Torsions around and molecular parameters were calculated from a fit of tran-

the two CO bonds and the CC bond produce 10 different spatialsjtions measured in the laboratory by Christen et al. (1995) and
arrangements (conformers) of ethylene glycol (see Fig. 1 of

2 The National Radio Astronomy Observatory is a facility of the National
* Current address: National Institute of Standards and Technology, 100 Bu- Science Foundation, operated under cooperative agreement by Associated Uni-
reau Drive, Stop 8441, Gathersburg, MD 20899-8441. versities, Inc.
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all transitions of ethylene glycol, coupled contributions from
all three dipole moments occur. Dipole moments were measured
by Christen et al. (1995), who obtaingd = 2.080(3) D ,
u, = 0.936(7) O andu. = —0.47(1) D in the preferred Fit

[l of that work.

The receiver used dual-channel SIS mixers, operating in a
single-sideband mode. The image sideband was rejected at a
level of 20 dB by tuning the mixer backshorts. The Millimeter
AutoCorrelator (MAC) spectrometer was used in the 600 MHz
bandwidth mode. The channel spacing was 195 kHz, and the
effective frequency resolution was 391 kHz owing to internal
Hanning weighting. The two receiver polarization intermediate
frequencies were connected to separate signal inputs of the
MAC spectrometer. The two polarization outputs from the
MAC were subsequently averaged in the final data reduction

H process to improve the signal-to-noise ratio.
Calibration by the chopper method was used, and the re-
/ sultant data are on thg; temperature scale (Kutner & Ulich
O H 1981). This scale includes corrections for atmospheric extinc-
tion and rear and forward telescope spillover losses but not
067( error beam losses nor forward beam coupling to the source.
N yd At 75 and 93 GHz, the half-power beamwidths weft’ and
~68', respectively, and at these frequencies the conversion fac-
tor from T3 to janskys is 32.8(30) Jy K The Sgr B2(N-LMH)
J2000 pointing position used was= 17"47"19.8 abid=
H H —28°22 17, and an LSR source velocity of 62.5 km'svas
l assumed. Data were taken in the position-switching mode, with
H the reference position 3@vest in azimuth. Pointing was mon-
itored by continuum measurements of Uranus and quasars, in-
cluding 3C 279, 3C 273, 0420014, and NRAO 530.
Table 1 summarizes our ethylene glycol detection results
Fic. 1.—Sawhorse diagram and Newman projection ofdi@a conformer toward Sgr B2(N-LMH) in terms off; intensities (col. [5])

of ethylene glycol. In this lowest energy conformer of ethylene glycol, the ; PR ; e
capital letter G specifies the rotation around the CC bond in which the OH and FWHM intensity line widths (col. [6]). Additionally, LSR

groups adopt the Gauche orientation with respect to each other. The IowerYeIOCity eStimate_S (col. [7]) are PrOVide_d fo_r tr‘fmSitionS ShOW_'
case letters a ang  specify the rotation around the two CO bonds. For ad-ing no apparent line contamination, which is discussed later in
ditional details on the structural nomenclature, see Christen et al. (1995, 2001).this section. Spectra corresponding to Table 1 data are shown

The dashed line in the sawhorse diagram depicts the internal hydrogen bond; i ; "
The Newman projection is looking along the CC bond from left to right in in Figure 2. Reflecting the assumed 62.5 km SR source

the sawhorse diagram. The Newman projection hydrogen bonds on the o_velocny, resp-frequency fldu0|als 'n F_lgure 2 fa," on the high-

atoms appear as perspective triangles, with each H-atom farther away than itfrequency side of the highest emission peak in the observed

corresponding O-atom. The filled and open triangles indicate the closer andlines. This consistent offset in each spectrum amounts8to

more distant O-atom, respectively. km s, indicating that the LSR velocity for ethylene glycol is
~71 km s*. Turner & Apponi (2001) maintain that NRAO 12

D. Christen & H. Muller (2002, unpublished). The transition m observations toward Sgr B2(N) show that dimethyl ether

quantum numbers, the calculated transition frequency, the en-and methyl formate have an LSR velocity-84 km s * typical

ergy of the upper levelH, ), and the product of the coupled of the Large Molecule Heimat (LMH) core source, whereas

dipole moments times the transition strengtfS( ) are listed in vinyl alcohol and glycolaldehyde have an LSR velocity-Gfl

the first four columns of Table 1. Immediately following a km s* typical of the surrounding ambient cloud.

calculated or measured value in this work, parentheses contain Note that in Table 1, the,§ (v = 0)-7,, (v = 1) and the

an estimate of I uncertainty in the least-significant digit. For  8,, (v = 0)-7,; (v = 1) transitions are frequency-coincident,

TABLE 1
SUMMARY OF ETHYLENE GLYCOL OBSERVATIONS TOWARD SGR B2(N-LMH)
TROT
50 K 200 K 50 K 200 K
TRANSITION FREQUENCY E, u’S T AV Visr Oss. LTE LTE Ny x 10 N; x 107
T ¥ — Feen V' (MHZ) (cm™) (D?) (mK) (kms?) (kms?) RI RI RI (cm™) (cm™)
(1) (2 3 (©)] (5) (6) Q) 8 9) (10) (11) (12)
8 W =0T 0=1)...... 75151.4(4) 17.675 24.454 46(4)  34(3) 2.00 058 0.70<14.5 <778
8 W =0T, 0 =1)...... 75186.1(4) 15.286 28.822
33(4) 24(3) 71.1(16) 143 131 152 3.3(11) 17.9(62)
8 W =0)0T5 0 =1)...... 75186.1(4) 17.676 24.439
Ton 0 =1)—65 0 =0) ...... 75299.9(4)  9.400 33.300 23(4) 25(3) 70.7(16) 1.00 1.00  1.00 3.1(9) 19.8(58)
9% @ = 1)-845 ¢ =0) ...... 92975.9(4) 14.919 43735 38(4)  40(3) 1.65 138 156 <5.9 <33.5
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Fic. 2.—Ethylene glycol lHOCH,CH, OH ) spectra toward Sgr B2 (N-LMH)
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cloud. The latter temperature is based on a rotational diagram
for glycolaldehyde. Column (8) shows that thg, & = 0)—
7.4 (v = 1) transition is anomalously strong by a factor~&
in comparison with the predicted LTE values in columns (9)
and (10). It is likely that the 8 (v = 0)-7,,, @ = 1) line is
contaminated by an unknown molecular species that would
account for the suggestive structure on the high-frequency
shoulder of the line complex that has a 34 km kne width
as compared with the uncontaminated line widths~&f4
km s* as shown in column (6) of Table 1. Clearly, thg
(v = 1)-8,, (v = 0) transition is also contaminated by another
line on its high-frequency side because of its larger 40 kin s
line width. The contaminating line in Sgr B2(N-LMH) may be
U92982, which is present in the OMC-1 comparison spectrum
shown in the bottom panel of Figure 2. U92982 may be the
30s—2,, transition of HDCS that has a rest frequency of
92981.592 MHz and was observed in TMC-1 by Minowa et
al. (1997). However, these authors also inspected spectral line
data of other sources, including Orion KL and Sgr B2, and
could not definitively identify HDCS.

The ethylene glycol total column densities in Table 1 were
calculated from the following expression, which employs cgs
units and assumes optically thin LTE conditions:

_ () Quor€™/er
T (8r 3K (p?S) [1 — (€™ — 1)/(e™Too — 1))

(1)

whereN; , the total column density averaged over the NRAO
12 m beam, is given in columns (11) or (12) for a rotational
temperature Ty ) of either 50 or 200 K, respectively; is
the observed peak line temperature (col. [HY, is the ob-
served FWHM line width (col. [6])Qror = 16.94153; is the
rotational partition function (e.g., Gordy & Cook 1984, p. 58);

v is the transition frequency (col. [2], is the upper rotational
energy level (col. [3])u®S is the product of the coupled dipole
moment squared times the transition line strength (col. [4]);
andT; > 2.7 K is the continuum background temperature. For
the frequency-coincider8,; (v = 0)-7,, pE=1 ) and,, |,

(v = 0)-7,, (v = 1) transitions, the-18 and~15 mJy inten-
sities, respectively, were separated by assuming LTE, and the
total column densities that resulted were therefore the same for
both transitions. The total column densities for e (v =
0)-7,, (v = 1) and the9,, ,(v = 1)-8,5, € = 0 ) transitions
must be considered upper limits due to line contamination as
discussed previously.

3. DISCUSSION

at 195 kHz channel spacing. Transition quantum numbers are also shown. The

rest-frequency axes reflect an assumed 62.5 Knh SR source velocity. Note
that the9,, ,(v = 1)-8,, @ = 0) transition is likely blended with U92982,
which is shown in the offset OMC-1 spectrum that is provided for comparison.
U92982 may be th&,,—2,, transition of HDCS (see § 2).

and these two transitions and thg, v = 1)-6,5, (v = 0)

The types and kinds of molecules found to date in interstellar
clouds suggest a chemistry that favors aldehydes and their
corresponding reduced alcohols (e.g., formaldehyde/methanol,
acetaldehyde/ethanol, and glycolaldehyde/ethylene glycol).
There is no consensus as to how any such large complex mol-
ecules are formed in the interstellar clouds. However, Hiraoka

transition are apparently clear of any line contamination from et al. (1994) have shown in laboratory experiments that the
other molecular species as shown in Figure 2. Table 1 columnsformation of formaldehyde and methanol are possible from
(8), (9), and (10) are the observed intensities, predicted 50 Kreactions of gas-phase atomic hydrogen (H) with solid-phase

LTE intensities, and predicted 200 K LTE intensities, respec-

tively, relative to the £, (v = 1)-6,, ( = 0) transition; there-

carbon monoxide (CO) at 10-20 K. Additionally, Moore &
Hudson (1998) were successful in synthesizing alcohols and

fore, in the column headings, RI denotes relative intensity. In other complex molecules found in interstellar clouds by sub-
calculating ethylene glycol LTE intensities, we have adopted jecting cometary ice analogs to ionizing radiation~dt5 K,

aTror Of 200 K (Mehringer et al. 1997; Miao & Snyder 1997)
appropriate for the~5" diameter LMH core source and a
Tror Of 50 K more appropriate for the surrounding ambient

and they concluded that solid-phase H- and OH-addition re-
actions can contribute to many of the molecules observed in
comets and interstellar objects. Thus, the presence of aldehyde/
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reduced alcohol pairs in interstellar clouds suggests that suchwith formaldehyde to form larger, more fragile sugars (e.g., Wal-
molecules are a product of a low-temperature chemistry onker 1975). Thus, unlike glycolaldehyde, ethylene glycol may
grain surfaces or in grain ice mantles. have a significant component confined to the LMH core source
The detection and identification of interstellar ethylene gly- that can be detected with an interferometer. In the analogous
col is fortuitous since the objective of the original experiment case of the formaldehyde/methanol pair, methanol is seen to be
was to detect interstellar glycolaldehyde that was identified more abundant in hot cores than formaldehyde.
(Hollis et al. 2000) toward Sgr B2(N-LMH). Since the gly- The foregoing demonstrates that a combination of single-
colaldehyde experiment was purely a spectral detection with aantenna and interferometric data is required for determining
single antenna, no spatial information was obtained. However,the spatial distribution of a new complex molecular species in
Hollis et al. (2000) assumed that glycolaldehyde, like its iso- proximity to a molecular core. Ultimately, it will be important
mers methyl formate and acetic acid, would be confined to theto conduct studies of aldehyde/reduced alcohol pairs toward
~5" diameter of the LMH core source. Observing the strongest the same pointing position with sensitivity on all spatial scales
known glycolaldehyde transition with the Berkeley-lllinois- so that good coupling to the emission source(s) is achieved.
Maryland Association (BIMA) array, Hollis et al. (2001) indeed This will provide excellent observational criteria for various
produced a map of glycolaldehyde showing a weak concen-chemistry scenarios and, in the case of sugar/sugar alcohols
tration of emission confined to the LMH core source. However, like glycolaldehyde/ethylene glycol, investigating prebiotic
since the BIMA array was not able to recover the flux measured sugar synthesis and searching for correlation with meteorite
by the NRAO 12 m telescope, modeling showed that the bulk chemistry.
of the glycolaldehyde emission is coming from the less dense In summary, we have detected interstellar ethylene glycol
cloud extremities in the vicinity of the LMH core source and in emission toward the Galactic center source Sgr B2(N-LMH)
that this more extended source has a spatial scaé@f Such by means of several millimeter-wave rotational torsional tran-
a result was surprising because heretofore large complex molsitions of its lowest energy conformer. Ethylene glycol is the
ecules were assumed to be confined to small, compact hot coreseduced alcohol of glycolaldehyde that has also been detected
If aldehyde/reduced alcohol pairs represent a series of organidoward Sgr B2(N-LMH). Aldehyde/reduced alcohol pairs are
compounds that result from a common synthesis pathway, thenapparently common in interstellar clouds, suggesting a common
ethylene glycol may well have a spatial distribution similar formation pathway (Charnley 2001). Laboratory studies sug-
to glycolaldehyde toward Sgr B2(N-LMH). The simila71 gest that these pairs can be synthesized by low-temperature
km s* LSR velocities and-24 km s line widths argue that  solid-phase H-addition reactions with, for example, CO on
glycolaldehyde and ethylene glycol share the same emittinggrain surfaces or ice mantles.
volume in the Sgr B2(N) cloud. Assuming the two molecules
are cospatial, then the ratio of ethylene glycol total column

density B.2(10)x 10 cm? to that of glycolaldehyde We appreciate the advice of S. Charnley, who suggested that
[2.5(6) x 10" cm 7 yields a range 0f~0.7 to ~2.2 for the the search for interstellar ethylene glycol would likely be suc-
abundance ratio of ethylene glycol to glycolaldehyde. cessful. We thank D. Christen and H. Muller for providing

The Murchison and Murray meteorite studies show that sugar-laboratory data in advance of publication that allowed us to
related compounds such as ethylene glycol have survived whileimprove ethylene glycol frequency predictions. We thank an
no aldehyde sugars have yet been detected (Cooper et al. 2001anonymous referee for helpful comments. J. M. H. received
It may be that glycolaldehyde is more easily destroyed in hot, support from NASA RTOP 344-02-03-01. F. J. L. received
compact molecular cores than its reduced alcohol ethylene glycolsupport from the Laboratory of Astronomical Imaging at the
because glycolaldehyde may undergo a formose-type reactiorniversity of Illinois and from NSF AST 99-81363.
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